Abstract-The changes in plasma level of alpha-atrial natriuretic polypeptide (alpha-ANP) and the relaxing responses to exogenous alpha-ANP of strips of rat aorta pretreated with methoxamine were examined at one, four and eight weeks after myocardial infarction induced by left coronary ligation. Responses to a beta adrenergic stimulant, isoprenaline, and sodium nitroprusside of the vessel pretreated with high potassium were also evaluated up to twelve weeks. Plasma concen trations of immunoreactive alpha-ANP, which were measured at one, four and twelve weeks, were significantly elevated in rats with myocardial infarction (MI rats) as compared with sham-operated rats (sham-rats). The relaxation responses of the aorta to exogenenous alpha-ANP in MI-rats were significantly reduced at one and four weeks as compared with sham-rats. The difference was, however, !ess obvious at eight weeks. The responses to isoprenaline tended to be reduced from the 1st week to the 12th week, and the difference was significant at eight weeks, whereas those to methoxamine and sodium nitroprusside were unchanged.
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A number of peptides with potent natriuret ic, diuretic and vasorelaxant properties have been recently isolated from human and animal hearts. Immunoreactive materials have also been found in the circulating blood of both humans and animals (1) (2) (3) (4) . Increased atrial pressure is considered to be a major stimulus for the release of atrial natriuretic peptide (ANP). Alpha-ANP, the most potent ANP, inhibits the contraction of isolated smooth muscle preparations (5, 6) . The hypotensive effect of alpha-ANP was initially attributed to a reduction in peripheral resistance. In con trast, the recent studies in conscious animals have suggested that the fall in arterial pressure is primarily due to a reduction in venous return and consequently, reduction in cardiac output (7, 8) . Therefore, the use of alpha ANP is expected to improve the heart failure. There is also some evidence that the initial degree of vascular tone may determine whe ther ANP elicits a vasodilatory or even vasoconstrictor effect (9) . Heart failure is a complex syndrome characterized by an in adequate tissue blood flow and some com pensatory activations of various biological systems designated to maintain the tissue perfusion pressure (10) . Plasma ANP is reported to be increased in patients (11) (12) (13) (14) and animal models with heart failure (15) (16) (17) . It has been shown that haemodynamic re sponses in rats with heart failure, which was experimentally induced, were partially resis tant to exogenous alpha-ANP (18) . However, the role of increased alpha-ANP is still unclear.
In this study, the relations between the elevated alpha-ANP levels in plasma and the responses of the aorta to exogenous alpha ANP in rats with heart failure subsequent to left coronary ligation were examined.
Materials and Methods
Production of myocardial infarct in rats: Male Wistar rats, 8 weeks old and weighing [175] [176] [177] [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] g, were anesthetized with sodium pentobarbital (50 mg/kg, i.p.), and myocar dial infarction was produced by the method of Selye et al. (19) with a slight modification (20) . In brief, the rats were intubated and ventilated by a positive-pressure respirator. The electrocardiogram (ECG) of lead II was continuously monitored on an ink-writing oscillograph.
A left thoracotomy was per formed at the fourth intercostal space to ligate the left coronary artery between the outflow tract of the pulmonary artery and the left auricle (MI-rats). Thereafter, the thorax was immediately closed. When the left coronary artery was successfully ligated, the ST-T complex of ECG was elevated, and ventricular arrhythmias were successively observed. It has been confirmed that the rat, which showed both of these ECG changes, exhibited a myocardial infarction of 27.3±0.92% (means±S.E.M., n=10) of the total ventricles at 24 hr after ligation in a separate series of experiments using a histochemical staining technique with nitrobluetetrazolium (Sigma). The sham-operated rats underwent the same surgical procedures without the coronary ligation. There was a mortality rate of 20-30% during the first week after the production of the myocardial infarct. Surviving rats were maintained under identical conditions in a 12 hr light/dark cycle and fed on standard rat chow and water ad libitum.
Plasma alpha-ANP: In a separate series of experiments, 1 ml of blood was drawn from the external jugular vein of the Ml and sham operated rats under pentobarbital anesthesia at one and twelve weeks after the operations. The blood was transferred immediately into an ice-cold tube containing 0.5% EDTA and aprotinin (5000 U/ml). The separated plasma was stocked at -80°C until analyzed. Alpha ANP was measured with the radio-immuno assay method described by Miyata et al. (21) At four weeks after the operation, blood (2 ml) was drawn by puncturing the inferior vena cava, and plasma alpha-ANP concen tration was measured by a different radio immunoassay method at another institution (Special Reference Laboratory Co.).
Tissue preparation: MI-rats and sham operated rats were stunned by a blow on the head and killed by bleeding at one, four, eight and twelve weeks after the operation. The thoracic aorta was rapidly excised and trim med of excess fat and connective tissue. Then, the aorta was helically cut into 2 x 10 mm strips. The strips were suspended in a 10-ml organ bath containing Krebs solution of the following composition:
119 mM NaCI, 1.8 mM KCI, 1.17 mM KH2PO4, 2.5 mM Mg504 7H2O, 1.6 mM CaC12.61-120, 25.0 mM NaHCO3 and 5.5 mM glucose. The solution was continually gassed with a mixture of 95% 02 and 5% CO2 (pH 7.4). The resting tension of the strip was adjusted to 1 g. The developed tension was recorded on a polygraph (6000 series, Nihon Kohden) with a force displace ment transducer (TB-651T, Nihon Kohden). The bathing solution was changed every 15 min, and the strip was allowed to equilibrate for 1.5 hr. Following equilibration, the con traction was elicited by KCI (40 mM), two times.
After the contraction reached its maximum, the bathing solution was changed three times in quick succession, and the bathing fluid was changed every 15 min for the following 60 min. The dose-response curve for methoxamine was obtained in a cumulative manner. The relaxant effect of alpha-ANP or sodium nitroprusside was studied in a strip pre-contracted with me thoxamine (10-5 M). To study the relaxation induced by isoprenaline or sodium nitroprus side, the strip was pretreated with KCI (40 mM) in the presence of prazosin (10-7 M Statistical analyses were performed using Student's t-test, and differences were considered significant when P<0.05. When the values were expressed as a percent of the maximal response, the values were transformed into arcsine, and then the t-test was performed.
Results
Body and heart weights:
All MI-rats showed a marked thinning of the infarcted area where the muscle was replaced with fibrous connective tissue and signs of cardiac failure such as pulmonary congestion and thoracic effusion at the time of sacrifice. The changes in body weight following the opera tions are shown in Table 1 . The mean body weights of MI-rats tended to be smaller than those of sham-operated rats at any occasion, though there was no significant difference between the groups. On the other hand, the mean heart weights of MI-rats were signifi cantly larger than those of sham-operated rats at 8 weeks ( Table 1) . As a result, the ratios of heart weight to body weight of Ml rats showed significantly larger values than those of sham-operated rats at all observation times.
Plasma alpha-AN P concentration was clearly elevated in the MI-rats at all time points examined when compared with the sham-operated rats. Response to alpha-AN P: Alpha-AN P induced a concentration-dependent relaxa tion in the methoxamine-pretreated aorta of both sham-operated and MI-rats. However, the relaxant responses to alpha-AN P were attenuated in the MI-rats at 1 (Fig. 1, 1W ) and 4 weeks (Fig. 1, 4W ) after operation as compared with the sham-operated rats; significant differences were observed at the concentrations of 10-8 to 10-7 g/ml (1 week) and at the concentrations of 10-8 to 3x10-7 g/ml (4 weeks). The difference was not obvious at 8 weeks (Fig. 1, 8W ).
Responses to isoprenaline: There were no significant differences in relaxant response of the aorta to isoprenaline at any concentra tions from 1 to 4 weeks (Fig. 2, 1W, 4W ). At 8 weeks after operation the responses of Ml rats were significantly attenuated at the con centrations of 10-8 to 10-5 M (Fig. 2, 8W ). The significant difference was absent again at 12 weeks (Fig. 2, 12W ).
Responses to methoxamine and sodium nitroprusside:
Methoxamine and sodium nitroprusside exhibited concentration -de pendent contraction and relaxation of the aorta, respectively. At any time after the operation, there were no significant dif ferences in the concentration-response re lations of the aorta for both methoxamine and sodium nitroprusside between the sham operated and MI-rats when the aorta was pre-contracted with KCI (Table 2 ). There is also no significant difference in relaxant re sponse of the aorta to sodium nitroprusside when the aorta was pre-contracted with methoxamine at any concentrations at 4 weeks (data not shown).
Discussion
The present study showed that plasma con centrations of alpha-ANP are clearly elevated in rats with cardiac failure subsequent to myocardial infarction and that the aorta excised from these rats is resistant to the relaxing effects of exogenous alpha-ANP and isoprenaline transiently in the time sequence after the occurrence of myocardial infarct. These results suggest that the sensitivity of aorta exposed to elevated plasma concentra tions of alpha-ANP subsequent to myocar dial infarct may be partly attenuated. Elevated plasma alpha-ANP was reported in rats with cardiac failure at 6 weeks after the ligation of coronary artery (18) . In our study, the circulating plasma immunoreactive alpha ANP was markedly elevated in the MI-rats at 1 and 4 weeks and marginally significant elevation was observed at 12 weeks after operation as compared with the sham operated rats.
As reported (22) , the aorta pretreated with high KCI was resistant to the relaxing effect of alpha-ANP in our preliminary experiment, and therefore we used methoxamine as the pretreatment drug. Exogenous alpha-AN P relaxed the aorta pre-contracted with me thoxamine in a concentration-dependent manner. The relaxation was attenuated in the MI-rats at 1 and 4 weeks, as shown in Fig. 1 . It has been reported that rats with experi mentally induced myocardial infarction were partially resistant to the hypotensive effect of exogenous ANP (18) and an extensive myocardial infarct was associated with a significant decrease in receptor density for ANP in the renal medulla of rats at 4 weeks after the ligation of the coronary artery (23) . These data suggest that the circulating ANP levels may be involved in the regulation mechanisms for the ANP binding sites in target tissues. The present study shows that the attenuation in the relaxation of aorta to exogenous alpha-ANP was almost negatively correlated with the degree of elevation in plasma alpha-ANP; i.e., the attenuation was more evident at 1 and 4 weeks, when the elevation of plasma alpha-ANP showed higher significance.
We did not measure plasma ANP at 8 weeks, when the attenuation in relaxing response was not significant, but at 12 weeks, the elevation in plasma alpha ANP was marginally significant. Recent in vitro observations by Hirata et al. (24) demon strated that ANP receptors in cultured vascu lar smooth muscle cells are regulated down ward by a prolonged exposure of the cells to ANP. It is widely accepted that circulating peptide hormones may directly regulate the numbers of receptors at target cells, and changes in the ambient concentrations of peptide hormones are associated with re ciprocal changes in the density of their specific binding sites. These ideas are in good agreement with our results and may provide an insight into the mechanism of possibly attenuated responses to ANP in the state of heart failure.
The effect of ANP on vascular smooth muscles could be mimicked by sodium nitroprusside (6) . Although the mechanisms through which ANP and sodium nitroprusside exert their vascular relaxations are not fully clarified, both agents increase the intracellular second messenger guanosine 3',5'-cyclic monophosphate (cGMP), which may lead to vascular relaxation. The degrees of relaxation induced by ANP and sodium nitroprusside were reported to correlate well with those in the elevation of intracellular cGMP through the activation of guanylate cyclase (6) . The present results showing the decreased sensitivity of the aorta not to sodium nitro prusside but to alpha-ANP in the MI-rats also suggest that the mechanism involved in its effect may not be due to some alternation after the formation of cG M P. (25) . En hanced activity of the sympathetic nervous system, which leads to elevated concentra tions of circulating catecholamines and their increased urinary excretion in the post infarct period (26) (27) (28) (29) , may reflect an im portant reserve mechanism for maintaining cardiac performance. However, elevated con centrations of circulating catecholamines do not necessarily prevent the development of heart failure (30, 31) and result even in a subsequent down-regulation for beta adrenergic receptors, leading to their de creased density and loss of sensitivity to beta adrenergic stimulation (32) . In our study, the responsiveness of the aorta from MI-rats to isoprenaline was reduced as compared with the sham-operated rats at 8 weeks after coronary ligation, while that to methoxamine showed no significant change throughout the study. In heart failure, the decreased cardiac performance may be compensated for by an increase in vascular tone to maintain the arterial blood pressure and venous return. The attenuation of the response that occurs in the case of the beta-adrenergic, but not the alpha-adrenergic one, may serve this purpose, although the underlying mechanism needs to be clarified further.
In conclusion, our results support the idea that there should be a reduced sensitivity to high endogenous and exogenous alpha-ANP in heart failure (18) . This may be partly due to the decreased vascular sensitivity to ANP, which is consistent with the recent report that there is a decreased density of alpha ANP specific binding sites in the renal medulla of rats with chronic heart failure (23).
